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ABSTRACT
Hepatitis B virus (HBV) replication is initiated by HBV
RT binding to the highly conserved encapsidation
signal, epsilon, at the 50 end of the RNA pregenome.
Epsilon contains an apical stem–loop, whose resi-
dues are either totally conserved or show rare non-
disruptive mutations. Here we present the structure
of the apical stem–loop based on NOE, RDC and
1H
chemical shift NMR data. The
1H chemical shifts
proved to be crucial to define the loop conformation.
The loop sequence 50-CUGUGC-30 folds into a UGU
triloop with a CG closing base pair and a bulged out
C and hence forms a pseudo-triloop, a proposed
protein recognition motif. In the UGU loop conforma-
tions most consistent with experimental data, the
guanine nucleobase is located on the minor groove
face and the two uracil bases on the major groove
face. The underlying helix is disrupted by a con-
served non-paired U bulge. This U bulge adopts
multiple conformations, with the nucleobase being
located either in the major groove or partially inter-
calated in the helix from the minor groove side, and
bends the helical stem. The pseudo-triloop motif,
together with the U bulge, may represent important
anchor points for the initial recognition of epsilon by
the viral RT.
INTRODUCTION
More than 300 million people worldwide are estimated to
be chronically infected by hepatitis B virus (HBV) (1) and
chronic HBV infection carriers have a great risk to develop
severe liver diseases, including cirrhosis and liver cancer,
resulting in a million deaths annually (2). No treatment for the
efﬁcient elimination of HBV in infected patients exists as yet.
Therefore more knowledge about HBV replication is needed
to enable the design of more efﬁcient antiviral drugs.
HBV is a member of the Hepadnaviridae family, consist-
ing of hepatotropic DNA viruses which also includes related
animal viruses such as duck HBV (DHBV) and heron hepati-
tis virus. HBV has a small (3.2 kb), relaxed circular, partially
double-stranded DNA genome and replicates this DNA gen-
ome through an RNA intermediate, the pregenomic RNA
(pgRNA), by reverse transcription [for reviews see (3–5)].
The RNA pregenome also serves as the mRNA for the capsid
(or core) protein and the P protein. The P protein contains the
evolutionarily conserved RT domain, a middle spacer region,
a C-terminal RNase H (RH) domain and a unique terminal
protein (TP) domain at its N-terminus, which acts as a protein
primer for reverse transcription. Replication is initiated by the
binding of P to epsilon (e) (Figure 1), a 60 nt bulged stem–
loop at the 50 end of the pgRNA (6–8). This binding event
triggers encapsidation of the P–e complex by capsid proteins,
resulting in a priming competent, encapsidated complex. The
product of the priming reaction is a 4 nt DNA, synthesized off
a template in the primer bulge in e, whose 50 end is covalently
attached to a tyrosine residue in the TP domain. This complex
subsequently translocates to a 30-proximal RNA element in
the pregenome where full-length ( )-DNA synthesis is
primed by the 4 nt DNA oligonucleotide (9–12).
Detailed biochemical studies of the P–e interaction have
been made possible in recent years by the development
of DHBV cell-free reconstitution systems consisting of P,
e and cellular chaperones (13–17). The system shows both
P–e binding and priming. Using truncated P protein con-
structs in these in vitro systems it was demonstrated that
P–e interaction requires sequences from both RT and TP pro-
tein domains (18). On the RNA side, the loop at the apical
stem–loop of DHBV-e is found to be essential for binding
and primer synthesis (12). Recent SELEX experiments in
such a system further deﬁned the structure and sequence
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and/or priming (16). For instance, the middle of the stem
underlying the loop should be weakly or not base paired at
all. Most recently, a cell-free and chaperone dependent
in vitro reconstitution system was developed also for human
HBV (19). It shows P–e binding but, in contrast to the
DHBV system, not priming. Similar to DHBV, in human
HBV sequences from both the RT and TP domains are
required for binding of P to e. Surprisingly, and in contrast
to DHBV P–e where the e-apical loop is essential, in human
HBV it is not needed for binding. The e-apical loop is, how-
ever, required for encapsidation. Moreover, the structural fea-
tures, requirement for base pairing in the stem part of the
apical stem–loop, differ from those in DHBV. In human
HBV, the upper part of the stem of the apical stem–loop
needs to be base paired and the bulged out U is essential for
binding. Although the structural basis and sequence require-
ments for P–e binding and priming are emerging, a full under-
standing of the molecular basis for the speciﬁc interactions
between P and e awaits high-resolution structural studies.
Some high-resolution data have already been obtained on
the human HBV e apical stem–loop from NMR studies
(20). We note in passing that the residues in the e apical
stem–loop are either totally conserved or show rare non-
disruptive mutations (20). The tip of e contains a CUGUGC
sequence, for which secondary structure predictions have pre-
dicted a hexaloop structure (21–23). However, enzymatic
probing studies have suggested a base pair between the ﬁrst
and ﬁfth residue of this hexaloop (24). Our previous NMR
studies conﬁrmed the presence of this base pair indicating
that the loop forms a pseudo-triloop motif (20). The pseudo-
triloop is a recently proposed structural motif that consists of
a hexaloop with transloop base pairing between residues
1 and 5 and a bulged out residue 6 (25). Hairpin loops with
the potential to form pseudo-triloops are found in many RNA
sequences, e.g. the brome mosaic virus (25,26), the iron
responsive element (IRE) (27,28), domain IIId of the internal
ribosomal entry site (IRES) of the hepatitis C virus (29,30),
the 50 terminal hairpin of R-U5 of simian foamy virus (31)
and HIV-1 TAR (32). The common appearance of the
pseudo-triloop motif in different RNA sequences suggests
that it might be an important protein binding motif.
Here we present the high-resolution 3D structure of the human
HBV e apical stem–loop, i.e. of the 27 nt fragment which
includes the pseudo-triloop and the conserved U bulge in the
underlying stem (Figure 1b). Thanks to selective
2H/
13C/
15N-
uridine-labelling, NMR spectral resolution could be increased
and spectral overlap reduced (33–38), so that a set of highly reli-
able structural restraints for the structure derivation based on
NOE, RDC and
1H chemical shift NMR data could be derived.
MATERIALS AND METHODS
Sample preparation
Preparation of unlabelled and labelled 27 nt RNA oligo-
nucleotides, representing the apical stem–loop of epsilon,
was done as described previously (20,36).
NMR spectroscopy
NMR spectroscopy was carried out as described previously
(20,36). RDC measurements were done at 298 K, using a
0.5 mM unlabelled sample of the apical stem–loop in D2O.
HSQC experiments without decoupling in the
13C dimension
were acquired on a Bruker DRX600 spectrometer equipped
with a HCN cryo-cooled probe. Reference spectra and spectra
in Pf1 phages (15 mg/ml; ASLA Biotech) were recorded in
in-phase and anti-phase mode, respectively, and were subse-
quently added or subtracted to obtain the chemical shifts of
the two peaks of the doublet (39).
Structure calculations
Structure calculations were performed with the sander mod-
ule of AMBER7 (40), whilst ﬁnal reﬁnement (step B3, see
below) was carried out using X-PLOR (version 3.851) (41).
All calculations were performed with the force ﬁeld of
Cornell et al. (42) with electrostatic interactions and a
Lennard–Jones potential describing van der Waals interac-
tions. Back calculations of chemical shift values were done
using nuchemics (43). Here we will summarize the pertinent
features of the calculations; a detailed description is included
in Supplementary Data.
Two independent structure calculations were performed
with different goals; calculation (A) to search conformational
space efﬁciently for the loop region (nt 10–17, 8 nt), and cal-
culation (B) to determine the global structure of the 27 nt
molecule using RDCs to deﬁne the relative orientation of
the helical parts of the apical stem–loop.
Structure calculation A: (A1) Exploration of loop confor-
mations (residues G10–C17). An extended starting structure
was randomized with dynamics at 1000 K, followed by
high-temperature simulated annealing with NOE and torsion
angle restraints. An ensemble of 200 structures was cal-
culated. (A2) Ranking and selection of structures from the
calculated ensemble. The 200 structures were evaluated by
the sum of NOE violations, restraint energies and force
ﬁeld energies. The ﬁnal selection step was composed of
back-calculation of aromatic and H10 chemical shifts for the
loop nucleotides and selection of the structures that agreed
best with chemical shift values while maintaining adequate
restraint and force ﬁeld features. With this approach, 12
structures were selected and their coordinates have been
deposited in the Protein DataBank (PDB) (id code 2ixz).
Figure 1. (a) The e stem–loop element is located in the 50-UTR of the pgRNA
of HBV. The viral reverse transcriptase (indicated by a P) recognizes and
binds to the apical stem–loop of e, thus triggering encapsidation and initiation
of replication. (b) The apical stem–loop sequence used for NMR structure
determination. The numbering scheme employed is indicated.
4450 Nucleic Acids Research, 2006, Vol. 34, No. 16Structure calculation B: (B1) Calculation of NOE struc-
tures of the whole apical loop using classical (NOE and
torsion angle) restraints. In the starting structure, the two
helical regions were A-type as indicated by analysis of
1H
chemical shift values and the pseudo-triloop geometry was
as determined in calculation A. An ensemble of 100 struc-
tures was generated using high-temperature simulated anneal-
ing by randomly varying initial atomic velocities. (B2)
Determination of global structure. To deﬁne the global struc-
ture of the molecule using RDC restraints, semi rigid-body
molecular dynamics was performed on each of the structures
generated in step B1 with the local geometry of the stem
regions and pseudo-triloop ﬁxed by synthetic distance con-
straints. Synthetic distance constraints were generated for
residues G1–C4 and G24–C27 (lower stem) and U5–G22
(upper stem). Constraints were included for all atom pairs
consisting of one proton and one heavy atom within distances
of 3–11 s. Classical restraints were included for the U23
bulge region and artiﬁcial restraints, to maintain tetrahedral
geometry of C10 and planar geometry of bases, were included
to reinforce the force ﬁeld where the RDC restraints were
applied. Stem RDCs (28 in total) were included in the reﬁne-
ment with a single ﬂoating alignment tensor. The RDCs from
the pseudo-triloop and U23 were excluded due to potential
dynamics for these parts of the molecule. The alignment ten-
sor was described by its ﬁve unique elements which all were
free to ﬂuctuate in the calculations. (B3) Reoptimization
of the local structure. To optimize the local structure, low-
temperature simulated annealing reﬁnement, including all
experimental data (NOEs, torsion angles and RDCs except
those mentioned above), was performed. Except for planarity
restraints for nucleobases (not base pairs), no synthetic dis-
tance restraints were included. The axial and rhombic compo-
nents of the alignment tensor were ﬁxed in this step, while the
orientation of the alignment tensor was allowed to rotate as
implemented in X-PLOR. For each structure from step B2,
the rhombicity of the alignment tensor was calculated using
the method proposed by Wijmenga and co-workers (44)
and subsequently, the axial component was determined
using the distribution of the RDCs. (B4) Selection of struc-
tures from the calculated ensemble based on comparison of
predicted and experimental alignment tensors. For each
structure from step B2, the predicted rhombicity (RPRED)
was calculated using the gyration tensor method proposed
by Wijmenga and co-workers (44). Independently, singular
value decomposition (SVD) using PALES (45) was used to
calculate the rhombicity of the alignment tensor (RSVD)
from the set of experimental RDCs. Structures were selected
which fulﬁlled the criteria jRSVD   RPREDj < 0.1 and fulﬁl-
ment of NOE and torsion angle restraints. All molecules
selected also displayed low force ﬁeld energies. A total of
23 molecules were selected in this manner and their structures
have been deposited in PDB (id code2ixy).
RESULTS
Structure determination
The structure calculation of the epsilon apical stem–loop
structure was divided into two separate calculations. One
with the aim of exploring conformational space for the loop
at the tip of the apical stem–loop (calculation A) and the
other with the aim of global structure determination for the
whole apical stem–loop RNA (calculation B). The 112
NOE and 20 torsion angle restraints included in the structure
determination of the loop region of the apical stem–loop
(Table 1) did not deﬁne a single loop conformation and for
U12, G13 and U14 no convergence was observed. Thus, we
resorted to comparison with chemical shift values to deﬁne
the class of structures in best agreement with all experimental
data. In this manner an ensemble of 12 structures was gener-
ated with a root mean square deviation (r.m.s.d.) of 2.71 s
(Figure 2 and Table 2).
The global structure of the whole 27 nt apical stem–loop
was determined in four steps to ascertain the correct global
conformation, using 296 NOE, 159 torsion angle and 28
RDC restraints (Table 1). Initially, a classical NOE structure
was calculated without RDC restraints (step B1). In this step,
the local structure of each helical stem converged. The RDCs
of both helical stems agreed with a single, common alignment
tensor and in the next step, B2, RDCs were utilized to deﬁne
the global structure of the 27 nt apical stem–loop sequence
using rigid-body dynamics (46,47). During the ﬁnal reﬁne-
ment step, B3, the local and to some extent global structure
was reoptimized. For selection of molecules, we tested
the consistency between the alignment tensor deﬁned by the
RDCs and the gyration tensor determined by the shape of the
molecule. By doing so and requiring fulﬁlment of restraints
and low force ﬁeld energy, 23 structures were selected
which we consider as the structural ensemble for the global
structure of the apical stem–loop (Figure 3). The global struc-
ture is well deﬁned and the all-atom r.m.s.d. is 1.92 s (1.35 s
for helical residues). The structural statistics are presented in
Table 2.
Pseudo-triloop structure
The loop at the tip of the apical stem folds into a pseudo-
triloop in which C11 and G15 form a Watson–Crick base
pair (20). This base pair stacks onto the G10:C17 base pair
at the top of the upper stem. Between U14 and G15 the phos-
phate backbone makes a turn and the g angle of G15 adopts a
trans conformation. This turn in the backbone probably facil-
itates the formation of the C11:G15 Watson–Crick base pair
Table 1. Number and distribution of restraints in calculations
a
Structural restraints 27 nt 8 nt loop
Distance restraints
Intraresidue NOE 109 57
Interresidue NOE 157 49
Hydrogen bonding 30 6
Subtotal 296 112
Torsion angle restraints
Glycosidic 27 8
Sugar pucker 42 5
Backbone torsion angles 90 7
Subtotal 159 20
RDC restraints 28
b —
b
aRestraints are deposited with the structures in the PDB.
bRDCs from the pseudo-triloop and U23 were excluded in calculations due
to potential dynamics of these residues (these RDCs are also deposited in
the PDB).
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it can adopt multiple conformations within this groove. The
bulged out residue, C16, is located in the major groove
where it is unrestricted in its location and solvent accessible
(Figure 2). The NMR data at hand do not specify a single
conformation of the UGU triloop and the calculations with
NOE and torsion angle data (step A1) yield several con-
formations of U12 and G13 that all fulﬁl these restraints.
These conformations fall in four different groups as deﬁned
by the location of U12 and G13 in either the minor or
major groove.
To validate the accuracy of the different conformations, we
used back-calculated
1H chemical shifts from the structures
generated in the conformational search (step A1).
1H chemi-
cal shifts depend on the local environment and are therefore
an excellent tool for validation of local structure (43). In the
validation procedure, we used aromatic and H10 shifts. The
aromatic nucleobase chemical shifts are mainly inﬂuenced
by the position of the nucleobase itself and H10 by the confor-
mation of the glycosidic linkage (43). A wide variety of con-
formations was generated in step A1 of the calculations thus
showing that conformational space indeed was searched thor-
oughly. Most of the loop conformations generated comply
poorly with the experimental NMR data (
1H chemical shifts
and NOEs) or have excessively large force ﬁeld energies
(Supplementary Figure S2). A total of 12 loop structures
with low chemical shift r.m.s.d. (<0.3 p.p.m.) and low con-
straint and force ﬁeld energies were selected and they all dis-
play an arrangement where G13 is located in the minor
groove (burying its Hoogsteen edge into the loop) and U12
and U14 in the major groove (Figure 2). In some structures,
U12 stacks on top of C11 and U14 can stack on top of U12.
Even though all UGU triloop conformations selected have a
UGU: major–minor–major geometry, the calculations do
not yield one single well-deﬁned structure of the triloop.
Furthermore, we observe a high degree of local structural het-
erogeneity in the sugar–phosphate backbone of the loop
region, with several backbone angles populating multiple
rotamers (Supplementary Figure S1).
With regard to the back-calculated chemical shifts, we note
that we cannot make a population weighted average of the
selected loop conformations that ﬁt the experimental chemi-
cal shifts. For the majority of the aromatic protons in the loop
region, the back-calculated shifts are higher than the observed
ones. Thus successful conformation averaging is impossible
which suggests that conformations other than those in the
selected set are present, at least transiently. Such conforma-
tions could be high in force ﬁeld energy or violate NOE
restraints (which are r
 6 averaged).
Global apical stem–loop structure
The structure of the whole apical stem–loop bends at the U23
bulge and the upper and lower stems converge to an average
angle of 21 ± 9  (Figure 3). This standard deviation repre-
sents the uncertainty observed in calculations and is not a
measure of the real amplitude of motion which could be lar-
ger. The bend at U23 is towards the major groove which con-
sequently appears very deep and fairly narrow. The overall
Figure 2. Stereo views of an overlay of the 12 structures of the pseudo-triloop
selected in step A2. (a) Viewed into the minor groove and (b) into the major
groove. The sugar–phosphate backbone is coloured dark blue and the fold of
the backbone is indicated as light grey tubes; colouring scheme of
nucleobases is G10, C11, G15 and C17, light blue; U12, magenta; G13,
yellow; U14, orange and C16, red. (c) The best structure as defined by the
selection criteria.
Table 2. Structural statistics
a
27 nt 8 nt loop
Violations of experimental restraints
Mean number of NOE violations >0.1 s 11.8 ± 1.3 5.0 ± 1.4
Maximum NOE violation (A ˚) 0.38 0.37
Mean number of torsion
angle violations >2 
0.5 ± 0.5 0
Maximum torsion angle violation ( ) 3.7 1.9
The r.m.s.d. of RDC violation (Hz) 1.61 ± 0.16
Alignment tensor statistics
Axial component, Da (Hz)
b  26.9 ± 1.8
Rhombicity
b 0.17 ± 0.06
Axial component, Da (Hz)
c  24.7 ± 1.1
Rhombicity
c 0.19 ± 0.04
The r.m.s.d. values from ideal covalent geometry
Bond lengths (A ˚) 0.012 ± 0.000 0.011 ± 0.001
Bond angles ( ) 2.81 ± 0.07 2.74 ± 0.25
Atomic r.m.s.d. from average structure
Stem I (27 nt) (A ˚)
d 0.64
Stem II (27 nt) (A ˚)
d 0.79
Residues 10, 11, 15 and 17 (A ˚) 1.31
Overall (A ˚) 1.92 2.71
aForthecomplete27ntmolecule,20structuresselectedinstepB3areincluded
in the analysis; for the 8 nt loop, 12 structures selected in step A2 are included.
bCalculated by SVD using PALES.
cCalculated using the gyration tensor method.
dFor the 27 nt molecule: stem I ¼ residues 1–4 and 24–27; stem II ¼ residues
5–10 and 17–22.
4452 Nucleic Acids Research, 2006, Vol. 34, No. 16characteristics for the two stem parts are mostly A-helical as
supported by chemical shifts, although the U23 bulge induces
some buckling in the U5:G22 base pair. G22 stacks with G21
and the upper helix while U5 stacks with C4 and the lower
helix (Figure 3). This buckling creates a wedge-like cavity
for the U23 nucleobase. In the structural ensemble, U23 is
found both destacked while turned into the major groove
and partly stacked on G22 from the minor groove side
(Figure 3). The exclusion of U23 from the helix is accom-
plished by adjustment of the sugar–phosphate backbone
between G22 and U23. This is consistent with the
G22pU23 phosphorus chemical shift being on the edge of
the regular helical range and the mixed sugar pucker of
G22 (20). Back-calculation of the H10, H5 and H6 chemical
shifts for U23 shows that no single conformation fulﬁls all
experimental shifts. For the minor groove conformations,
the H10 shift is well predicted but not H5 (with a near random
coil shift) and H6, whilst for the major groove conformations
the situation is reversed. These observations are consistent
with the analysis of NOE contacts which shows that the
nucleobase of U23 cannot be fully intercalated (20). Even
though the exact position of U23 cannot be deﬁned by the
experimental data, the global average structure of the mole-
cule seems well deﬁned.
DISCUSSION
Here we present the high-resolution 3D solution structure of
the apical stem–loop of epsilon, the binding site of the viral
reverse transcriptase in HBV. Chemical shift analysis showed
that both helical regions are mainly A-type, and thus the
structure determination has two main objectives, to determine
the structure of the pseudo-triloop (PTL) motif at the tip of
the apical stem–loop and the global structure of the whole
molecule induced by the U23 interruption. As a consequence,
we divided our structure calculation into two separate parts.
For determination of the PTL conformation, only the top
8 nt were included in the calculations (calculation A). This
enabled us to make a thorough sampling of conformational
space. The dissection of the molecule for computational pur-
poses also facilitated the analysis as we could evaluate the
PTL conformations without considering whether the global
geometry was optimal or not. Thus, fewer trial structures
had to be calculated.
For the global structure, a protocol was designed to deter-
mine the geometry relying mainly on the RDC data. Here, we
exploited the modular build of the apical stem–loop RNA and
used semi rigid-body dynamics to reorient the two helical
regions relative to each other (step B2) (47). During this
step, the ﬁve independent parameters of the alignment tensor
were optimized simultaneously with the stem orientation.
This approach takes away the need for time consuming grid
searches to determine the alignment tensor and hence increa-
ses computational efﬁciency. However, we noticed that the
two stem regions had to be kept rigid as otherwise the align-
ment tensor had a tendency to ‘blow up’. In the initial struc-
ture, determined by NOE restraints (Step B1), the local
geometry is only optimized with respect to the NOE restraints
and not for the RDC restraints. Hence, initially there is a ten-
dency to underestimate the axial component of the alignment
tensor. If both the geometry of the molecule and the align-
ment tensor are optimized simultaneously, computations
incorrectly satisfy the experimental RDCs by increasing the
components of the alignment tensor excessively (resulting
in the alignment tensor ‘blowing up’). The rigid-body
dynamics step ensures that this does not happen. After rea-
ligning the two stem regions of the molecule, the local geo-
metry is reoptimized in the ﬁnal step (B3). Using this
protocol, the RDCs are mainly used for determining the glo-
bal structure of the molecule while the NOEs determine the
local structure. The outline of our strategy resembles the
local-to-global structure determination approach presented by
McCallum and Pardi (47). Wijmenga and co-workers (44)
have shown recently that for nucleic acids aligned with Pf1
phages, the rhombicity of the molecular alignment tensor can
be predicted accurately from the shape of the molecule. We
utilized this in the ﬁnal selection of molecules by demanding
Figure 3. The global structure of the apical loop. Colouring scheme as in
Figure 2 and U23 is coloured red. (a) Stereo view of an overlay of 10 of the
23 selected structures. (b) Detailed side view of the U23 bulge. (c) The U23
bulge viewed along the helix axis.
Nucleic Acids Research, 2006, Vol. 34, No. 16 4453that the rhombicities of the alignment tensor calculated by
PALES and by the gyration tensor method should agree. In
this way, structures which have a rhombicity, and hence
alignment tensor, inconsistent with their overall structure
are removed from the set.
Our methodology streamlines the structure determination
by the subdivision of the problem into two separate and sim-
pler problems. This strategy is only applicable if the molecule
under study has a suitably modular build as the apical stem–
loop of epsilon. For the global structure determination, we
circumvent the problem of determining the components of
the alignment tensor by grid searching. This strategy is less
time consuming and if only fairly few RDCs are measured
should be less prone to errors than a grid search which would
overestimate the rhombicity and underestimate the axial com-
ponent of the alignment tensor if the RDC space is sampled
anisotropically (a common problem for elongated helical
molecules) (48). Importantly, both strategies are applicable
to a wide range of RNA molecules appropriate for structural
studies using NMR spectroscopy.
The PTL at the tip of the apical stem–loop does not have a
rigid and well-deﬁned structure. The reﬁnement with classical
NOE and torsion angle restraints resulted in conformations of
the triloop, where the two ﬁrst residues, U12 and G13, alter-
nate between the major and minor groove sides, showing all
four possible permutations of minor–major groove conforma-
tions of U12 and G13. However, only conformations with
U12 and G13 in the major and minor groove, respectively,
were found to ﬁt also
1H chemical shifts.
Besides the lack of convergence based on NOE and torsion
angle data, there are some additional indications of ﬂexibility
within the HBV PTL. First, inclusion of RDCs in the loop
reﬁnement (using the magnitude of the alignment tensor
determined from the full 27 nt molecule) did not improve
the convergence of the loop structures. Second, an inspection
of the RDCs shows that compared to the stem RDCs, the loop
RDCs appear small (Supplementary Figure S3), which could
be the result of averaging of RDCs due to motion of the loop
residues. The same phenomenon is observed for the bulge
residues in Loop B RNA from the IRES in Enterovirus (49).
In addition, comparison of experimental and back-calculated
1H chemical shifts suggest the possible presence of ﬂexibility.
The loop conformations showing the best correspondence
with the experimental
1H chemical shifts have an r.m.s.d. in
the range of  0.25–0.30 p.p.m. (Supplementary Figure S2).
However, full agreement of the
1H chemical shifts with the
structure (i.e. a rigid structure) would yield an r.m.s.d. of
less than  0.16 p.p.m. (43). The larger r.m.s.d. observed
here could be an effect of chemical shift averaging due to
internal motion. We ﬁnally note that ensemble averaging
did not improve the
1H chemical shift correspondence for
the loop protons and therefore speculate that other, transiently
populated, conformations than those displayed in Figure 2
might exist for the triloop with the conformations shown
being those with the highest probability of occurrence.
Relaxation studies are in progress to further investigate the
ﬂexibility of the PTL.
The two helical stems of the apical loop are disrupted by
a conserved, unpaired residue, U23. As determined from
the stem RDCs, U23 induces a bend of  20  between the
lower and upper helices which deepens and narrows the
major groove. This angle is well deﬁned as judged from its
convergence in the RDC reﬁned structures. Similar to the
PTL, the bulged U-nucleotide is dynamic and switches
between both the minor and major groove. The exclusion
of U23 from the helical stack causes perturbations of the
sugar–phosphate backbone in the 50-direction of the strand
which is also observed in molecular dynamics simulations
of single uridine bulges (50). It is noteworthy that when
U23 is located in the major groove, the PTL, C16 and
U23 are all located on the same side of the structure
(Figure 3a). In this manner, the elements important for
recognition of the viral polymerase are accessible from one
face of the apical stem–loop.
The sequence of the upper (apical) stem–loop of epsilon is
conserved among all human HBV strains (20). Thus, this
sequence is maintained in viable HBV, strongly suggesting
that the sequence and PTL structure of this molecule are
important for polymerase recognition. Hairpin loops with
the potential to form PTLs are found in many RNA
sequences, including viral genomes, and are therefore consid-
ered an important structural motif for protein recognition
Figure 4. Comparison of the pseudo-triloops of IRE (a) and HBV (b). The colouring scheme is the same as in Figure 2. The nucleotide differing between the IRE
and HBV sequences is coloured magenta.
4454 Nucleic Acids Research, 2006, Vol. 34, No. 16(25,26). Albeit constituting a general motif, the nucleotide
sequences of the PTLs can be quite different. The most
common closing base pair is C–G, but other base pairs can
also occur, such as a trans-wobble U–G pair in domain IIId
of HCV IRES (29,30).
It is interesting to compare our PTL structure with that of
the IRE PTL of sequence 50-CAGUGC-30, which differs from
the HBV apical loop sequence only by the A highlighted in
boldface (47). In the IRE structure, this A is structurally
well deﬁned, cross-strand stacking onto the guanine nucleo-
base of the C:G closing base pair, whilst the second and
third residues, G and U, appear quite unrestricted in their
motion (Figure 4). In the HBV apical loop, U12 and G13
are not structurally well deﬁned, while U14 is. Perhaps the
difference in structure between the HBV and IRE PTLs is
dictated by the improved stacking capacity of the adenine
nucleobase in the IRE PTL as compared to the uracil in the
HBV PTL. However, ﬂuorescence and stochastic dynamics
simulation of the IRE PTL show that even though its A resi-
due is rigidly stacked in the NMR structure, it possesses some
potential for mobility as well (51).
Most knowledge of the P–e interaction has been obtained
from studies carried out on the DHBV and heron HBV
cell-free in vitro reconstitution systems (12,16). The complex
between epsilon and the DHBV polymerase was investigated
by chemical probing in an arrested state obtained after a few
primer nucleotides had been synthesized (12). In this state,
the stem of the apical stem–loop of epsilon is melted and
interacts with the polymerase. In addition, recent SELEX stu-
dies have further deﬁned and distinguished the structure and
sequence requirements for binding and priming for the DHBV
in vitro system (16). Based on these biochemical studies,
Nassal and Beck (12) proposed that the replication initiation
is a two-step process in which the initial physical RNA bind-
ing (and recognition) is followed by a structural rearrange-
ment for its use as template for the 4 nt DNA primer.
Interestingly, in this in vitro system, the P protein binds both
duck e, with a well-deﬁned upper stem–loop structure, and
heron e, where several of the base pairs in the upper stem
are non-canonical and base pairing may be absent, but this
P protein does not bind human e. Thus, in the avian in vitro
system the exact structure of the stem of the upper stem–loop
of e does not appear critical for binding. Instead, essential for
binding are the loop at the tip of the stem as well as the
bulged non-paired U residue further down the stem opposite
to the primer loop. It is noteworthy that this P binding loop
at the tip of the DHBV e does not contain a PTL motif as
in human HBV but a tetraloop motif.
Recently, an in vitro system has also been developed for
human HBV (19). As for DHBV it comprises the P protein
as well as chaperones. In contrast to the DHBV in vitro
system, the human HBV in vitro system shows P binding to
e but is not priming competent. There are many similarities in
the systems, but also several differences. The U23 bulge is
essential for binding of e to the P protein of human HBV
while the corresponding bulged U in DHBV is dispensable.
Furthermore, in contrast to DHBV, in the human HBV sys-
tem, P binding requires base pairing in the upper part of
the stem of the apical stem–loop. Surprisingly, binding of
e to P does not require the PTL at the tip of the apical
stem–loop, while in DHBV this loop is essential for binding.
In human HBV, the PTL is essential only for encapsidation.
This suggests that the conserved PTL interacts with the
capsid proteins rather than the RT. Similar to DHBV, in
the human HBV system the apical stem–loop structure is
expected to change conformation after initial binding to
become priming competent. The scheme that emerges for
human HBV is that after initial binding of e to P, which
must involve the U23 bulge and stem of the apical stem–
loop of e, the PTL of e can still interact with the capsid
protein.
Interestingly, there is a rare, viable U!A mutation in the
apical loop of epsilon (U12 in the numbering scheme used in
this paper) (20). This mutation makes the HBV PTL sequence
identical to that of the IRE. P interacts with the stem and
U23 which is unchanged in the U!A HBV mutant; however,
viability also requires encapsidation capability of the
mutant. As noted, it is likely that the capsid protein interacts
with the PTL. The viability of the U!A mutant shows that
the capsid protein is somewhat promiscuous in its recognition
of the PTL at the tip of e. Possibly, the interaction between
the capsid protein and the PTL is required to induce the melt-
ing of the base paired e apical stem, required for priming.
Alternatively, the stem might be melted immediately upon
recognition between P and e in an induced-ﬁt step, changing
the structure of the triloop at the tip into a geometry appropri-
ate for interaction with the capsid protein. If this suggestion is
right, it would infer that the capsid protein binds primarily to
the G13 and U14 residues of the triloop while U12 (or A in
the mutant) is less important.
The conserved non-paired U23 located in the stem of the
apical stem–loop could serve a dual role, to lower the
energetic barrier for unfolding of the apical stem and to act
as a recognition element. From our data U23 appears ﬂexible,
thus it may be that the exact position of this residue is
not crucial for initial P–e binding. On the other hand, the
function of U23 could also be to guide the global structure
of the apical stem–loop into a geometry favourable for initial
P–e interaction.
CONCLUSION
In conclusion, the 3D of the structure of the wild-type apical
stem–loop of epsilon of human HBV has been derived based
on NOE, RDC and
1H chemical shift NMR data. The apical
stem–loop is capped by a PTL motif, while a U bulge is
located in the underlying stem. Although the global structure
of the apical stem–loop shows a well deﬁned 20  angle
between both helices, some local conformations, namely,
the PTL and U bulge, are not well deﬁned by the restraints
used. In spite of this, the sequence of the upper stem–loop
of epsilon is conserved among all known HBV strains,
suggesting that the structure of the PTL and the U bulge
are critical for viral viability. More studies are needed to
deﬁne the exact nature of the steps in the P–e binding and
subsequent primer synthesis. Structure elucidation of the
complete e encapsidation motif is in progress. Irrespective
of the exact nature of the binding process, the conservation
of the structure of the upper stem–loop of free epsilon in
human HBV makes it an outstanding target for potential
antiviral drugs.
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